The performance characteristics of enzyme immunoassays are determined to a great extent by the enzyme-substrate system utilized for the immunoassay. Beta-lactamases (penicillin amido-beta-lactamhydrolase EC 3.5.2.6) offer a number of advantages which might make them useful in immunoassay systems. We linked beta-lactamase from Bacillus cereus with biotin and used the biotinillated enzyme to devise immunoassay systems for the detection of a number of microbial antigens. An assay system in which antibodies to the polyribitol phosphate antigen of Haemophilus influenzae type b were used was capable of detecting between 0.4 and 1.6 ng of that antigen. Similarly, an assay in which antibodies to the common antigens of adenoviruses and biotin-linked beta-lactamase were used was capable of detecting between 1 and 10 50% tissue culture infective doses of a strain of enteric-type adenovirus. When applied to the detection of rotavirus, a similar system in which biotinillated beta-lactamase was used was capable of detecting small amounts of antigen in a standard rotavirus preparation. This assay could also detect virus in 36 of 37 stool specimens from children with rotavirus gastroenteritis. The positive specimens could easily be distinguished from negative ones by the naked eye, and a permanent record of the qualitative results could be obtained by the use of a standard office photocopying machine. Beta-lactamases have promise for use in practical enzyme immunoassay systems, especially in situations in which expensive colorimetric instrumentation is not available.
Enzyme immunoassays (EIAs) are attaining widespread use in the detection of microbial antigens in clinical specimens. EIA systems utilize enzyme substrate reactions to measure the binding of antigen to specific antibody (16, 18, 24) . The performance characteristics of EIAs are thus determined to a great extent by the reaction kinetics of the enzyme substrate system used (20, 21) . Enzymes which are currently in widespread use include alkaline phosphatase (24) , horseradish peroxidase (1), and beta-galactosidase (19) . These enzymes are used largely because they can be linked to immunoglobulin molecules to yield stable antibody-enzyme conjugates which retain a substantial portion of the enzymatic and antigen-binding activities of the original reagents (2, 12) . Beta-lactamases represent another group of enzymes which can be utilized in EIA systems (5, 7, 9) . These enzymes, which hydrolyze beta-lactams to the corresponding open-ring penicillinoic acids, have the advantage of widespread availability and favorable reaction kinetics and have the availability of substrates without mutagenic or carcinogenic potential (4, 13, 17) . In addition, beta-lactamases can be linked to biotin, thus allowing their use in recently described avidin-biotin systems (6, 23) . This report describes the development of solid-phase ETAs in which biotinillated antibodies, avidin, and biotin-labeled beta-lactamase are used for the detection of viral and bacterial antigens.
MATERIALS AND METHODS
Beta-lactamase from Bacillus cereus (type I) was A 2% stool filtrate from a child with gastroenteritis was used as a standard rotavirus antigen. This preparation contains rotavirus antigen detectable at a 1:640 dilution by a standard indirect EIA (24) . A standard isolate of enteric-type adenovirus was obtained from the stool of a child with adenovirus gastroenteritis and cultivated in an adenovirustransformed cell line (Grahm's 293 cells) as previously described (15, 22) . The preparation utilized as a standard antigen contained approximately 1,000 50% tissue culture infective doses per ml of viable virus as determined by this cultivation system. PRP was obtained from Porter Anderson, Rochester, N.Y.
Rectal swab specimens were obtained from 83 children with acute gastroenteritis. The swabs were placed into 2 ml of phosphate-buffered saline (PBS) and stored at -20°C until (24) , using peroxidase-labeled rabbit antirotavirus, whereas the remaining 46 specimens were negative for rotavirus by this assay.
Performance of immunoassays. The optimal dilutions of reagents for each assay were determined by checkerboard titration as previously described (24) . Preliminary studies directed at determining the optimal substrate conditions were performed by reacting biotinillated beta-lactamase with microtiter wells coated with egg white avidin. Immunoassays for the detection of the microbial antigens were performed in a manner analogous to that of previously described enzyme immunoassays in which biotinillated antibodies, avidin, and biotinillated enzymes were used (23) .
The assay for rotavirus is described as follows. (24) . For clinical specimens, a specific activity was calculated by subtracting the optical density in the wells coated with specific antiserum from that measured in the wells coated with nonimmune antiserum. A specimen was considered to be positive if it yielded a specific activity that was two standard deviations greater than the mean specific activity of four known negative specimens.
Immunoassays with horseradish peroxidase were performed in a manner analogous to that described above, except that biotinillated horseradish peroxidase was substituted for biotinillated beta-lactamase, and ortho-phenylenediamine-H202 substrate (24) was used in place of the starchiodine-penicillin substrate. To allow for comparison with the beta-lactamase assays, the results were expressed in terms of percent activity by the following formula: percent activity = (OD spec/OD max) x 100, where OD spec is the optical density of the specimen measured at 450 nm and OD max is the maximum optical density measurable in the reaction system, generally 1.2 optical density units. The assays for enteric adenovirus and PRP were performed in a manner analogous to that described above, with the exception that the reagents for these antigens were substituted for the rotavirus antigens. In the case of the assays for PRP, burro anti-PRP was used to coat the solid phase, and biotinillated burro anti-PRP immunoglobulin G was used as the liquidphase antibody. In the case of the assays for adenovirus, goat antiadenovirus was used as the solid-phase antibody, and biotinillated rabbit antiadenovirus was used as the liquid-phase antibody. For both assays, percent activity was calculated as described above.
RESULTS
Preliminary studies were directed at determining the optimal parameters of the assay in which biotinillated betalactamase was used. These studies were performed by binding avidin to the microtiter plates in place of a specific antimicrobial antibody. After incubation overnight at 4°C, the plates were washed and processed with optimally diluted biotinillated beta-lactamase as described above. Initial studies revealed that a starch-iodine solution containing twice as much 12 and KI as had been previously described (13) allowed a greater range of linear response and easier visual readings in microtiter plates. Utilizing this starch-iodine solution (described above) and penicillin G at a concentra-140 (Fig.  1) . For the biotinillated beta-lactamase utilized, the starchiodine-penicillin substrate was substantially more sensitive than substrates utilizing chromagenic cephalosporins such as nitrocefin (10) or Padac (14) (data not shown). The assay system in which solid-phase burro antibody to PRP, biotinillated rabbit anti-PRP antibody, avidin DH, and biotinillated beta-lactamase were used could detect between 0.4 and 1.6 ng of PRP in an EIA system for that antigen. The sensitivity of the assay in which biotinillated beta-lactamase was used was similar to the analogous assay in which biotinillated horseradish peroxidase and peroxidase-orthophenylenediamine substrate were used, although at many dilutions of antigen, greater activity was noted in the betalactamase system (Fig. 2) . Avidin from streptomyces (streptavidin) could be used in place of avidin DH as the bridge between biotinillated antibody and biotinillated beta-lactamase with a similar range of reactivity. However, unmodified avidin from egg white could not be utilized in this way due to a high rate of nonspecific binding to the solid phase (data not shown).
Assays in which microtiter wells coated with antibody to adenovirus, biotinillated chicken antibody, avidin DH, and biotinillated beta-lactamase were used could detect antigen in a 1:400 dilution of an isolate of enteric adenovirus containing approximately 1,000 50% tissue culture infectious doses of this virus. This level of sensitivity was similar to that of an analogous assay in which biotinillated horseradish peroxidase was used (Fig. 3) . Similarly, an assay in which solid-phase goat antibody to rotavirus, biotinillated chicken antibody, avidin, and biotin-labeled beta-lactamase were used could specifically detect antigen in a 1:1,600 dilution of a standard rotavirus antigen obtained from a child with actute gastroenteritis. The level of sensitivity was similar to that of an EIA system in which biotinillated peroxidase was used (Fig. 4) . The assay for human rotavirus was also used to detect rotavirus antigen in 83 rectal swab specimens obtained from children with acute gastroenteritis. A total of 37 of these specimens were originally positive for rotavirus in a standard direct EIA system. A total of 36 (97%) of these specimens were positive in the rotavirus BIA in which biotinillated beta-lactamase was used. The rotavirus-negative specimens were uniformly negative in the biotinillated beta-lactamase system (Fig. 5) . The one false-negative specimen was also unreactive when biotinillated horseradish peroxidase was substituted for biotinillated beta-lactamase, suggesting that the antigen was not reactive with the biotinillated chicken antibody used or had lost antigen activity during storage. The positive specimens could be clearly picked out in the microtiter plate by the naked eye, and the results could be recorded by using a standard office photocopier (Fig. 6 Preliminary studies with the enzyme substrate system indicated that beta-lactamase substrates measuring the decoloration of starch-iodine solutions were most suitable for the detection of biotinillated beta-lactamase specifically bound to the wells of microtiter plates. This substrate system makes use of the fact that penicillinoic acid, the product of the interaction of penicillin and beta-lactamase, oxidizes elemental iodine to iodide ion, resulting in a decoloration of a deeply blue starch-iodine solution (13) . Although starchiodine-penicillin substrates described previously could be used, we found that the modification of the substrate by the use of higher concentrations of iodine and lower concentrations of penicillin resulted in a more deeply blue solution which gave more definitive endpoints. The results could then be read with the naked eye, quantitated with a microplate colorimeter, or recorded with a standard office photocopying machine. In regard to quantitative determinations, the results could be expressed in terms of the percent decrease in color compared with negative controls. However, in the case of clinical specimens, a specific activity could also be calculated by subtracting the optical density of wells coated with specific antiserum from that of wells coated with nonimmune serum. This determination allows for the distinguishing of specific from nonspecific reactions in a manner analogous to that of other EIA systems (24) .
Utilizing this substrate, biotinillated beta-lactamase could be specifically detected bound to microtiter wells to which as little as 0.05 ng of avidin had been added. Since, under the conditions and protein concentrations used, more than 80% of the added proteins would be expected to bind to the microtiter plate (8, 11) , this level represents the approximate theoretical sensitivity of avidin-biotin systems in which these reagents are used. When applied to microbial antigens, assay systems in which biotinillated antibodies, avidin DH, (6) . The high affinity of avidin for biotin ensures that the avidin-biotin interactions will go to completion in a short period of time. In addition, the fact that each molecule of avidin can react with up to four molecules of biotin offers the potential of magnification at the level of avidin-biotin interaction (3, 23 and biotinillated beta-lactamase were used could detect as little as 0.4 ng of purified PRP. Similarly, small amounts of standard preparations of rotavirus and adenovirus preparations could be specifically detected in the EIA systems. The detection limits were equivalent to those found when biotinillated peroxidase was used in place of the biotinillated betalactamase. The assay system for rotavirus was also used to detect antigen in 36 of 37 rectal swab specimens obtained from children who had gastroenteritis and were originally positive for rotavirus antigen in a direct EIA. No falsepositive reactions were noted. The decoloration in the wells coated with specific antirotavirus antibody to which positive specimens had been added could be easily seen with the naked eye. In addition, the results could be recorded by use of an office photocopier, thus providing a permanent record of the results (Fig. 6) . The 
